Marrow stromal elements produce as yet uncharacterized soluble growth factors that can stimulate the proliferation of murine pre-B cells, although close contact between these two cell types appears to ensure a better pre-B cell response. We have now shown that freshly isolated normal pre-B cells (ie, the B220'. surface p-fraction of adult mouse bone marrow) adhere to fibronectin (FNI via an RGD cell-attachment site, as shown in a serum-free adherence assay, and they lose this functional ability on differentiation in vivo into B cells (ie. the B220+. surface fi+ fraction). Similarly, cells from an immortalized but stromal celldependent and nontumorigenic murine pre-B cell line originally derived from a Whitlock-Witte culture were also found to adhere to fibronectin (FN) via an RGD cellattachment site. Moreover, in the presence of anti-FN receptor antibodies, the ability of this immortalized pre-B cell line to proliferate when co-cultured with a supportive stromal cell line (M2-1084 cells) was markedly reduced (down to 30% of control). This suggests that pre-B cell attachment to FN on stromal cells may be an important component of the mechanism by which stromal cells stimulate normal pre-B cell proliferation and one that is no longer operative to control their more differentiated prog-ECENT STUDIES indicate that marrow stromal cells R may regulate the proliferation and differentiation of early stages of B-cell development by the production and release of soluble pre-B cell stimulating factors, one of which has now been characterized and cloned and is referred to as interleukin-7 (IL-7).'-' However, the mechanisms by which stromal cells interact with pre-B cells appear to be more complex than simple growth factor release. For example, it has been found that the ability of stromal cells to stimulate pre-B cell proliferation or differentiation is markedly reduced when close associations between the two cell types are ~revented.~.~ Although very little is known about adhesive interactions that may occur between pre-B cells and stromal cells, Bernardi et a17 have demonstrated the ability of several pre-B cell lines to bind specifically to fibronectin (FN), but not to other extracellular matrix components, such as laminin (LM) and collagen type I (COL I). Moreover, their studies suggest a developmentally regulated change in the site of the FN used for pre-B cell attachment. Because most fibroblast-like cells, including marrow stromal cells, are known to produce FN,8 these findings suggest that pre-B cell attachment to FN may play an important and changing role in the mechanism by which stromal cells stimulate pre-B cells as they differentiate.
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ECENT STUDIES indicate that marrow stromal cells
R may regulate the proliferation and differentiation of early stages of B-cell development by the production and release of soluble pre-B cell stimulating factors, one of which has now been characterized and cloned and is referred to as interleukin-7 (IL-7).'-' However, the mechanisms by which stromal cells interact with pre-B cells appear to be more complex than simple growth factor release. For example, it has been found that the ability of stromal cells to stimulate pre-B cell proliferation or differentiation is markedly reduced when close associations between the two cell types are ~revented.~.~ Although very little is known about adhesive interactions that may occur between pre-B cells and stromal cells, Bernardi et a17 have demonstrated the ability of several pre-B cell lines to bind specifically to fibronectin (FN), but not to other extracellular matrix components, such as laminin (LM) and collagen type I (COL I). Moreover, their studies suggest a developmentally regulated change in the site of the FN used for pre-B cell attachment. Because most fibroblast-like cells, including marrow stromal cells, are known to produce FN,8 these findings suggest that pre-B cell attachment to FN may play an important and changing role in the mechanism by which stromal cells stimulate pre-B cells as they differentiate.
Infection of pre-B cells with Abelson murine leukemia virus (A-MuLV) leads to the evolution of autonomous, tumorigenic cell lines, although the acquisition of this phenotype typically follows an initial period of stromal celldependent
To investigate the molecular mechanisms underlying these changes, we isolated and cloned two immortalized, but stromal-cell dependent and nontumorigenic pre-B cell lines from Whitlock-Witte cultures and then isolated and cloned tumorigenic A-MuLV transformed derivatives from each. Initial characterization of these cell pairs eny. Two differently transformed pre-B cell lines, both of which are autocrine. stromal-independent, tumorigenic in vivo, and partially or completely differentiation-arrested at a very early stage of pre-B cell development, did not bind to FN. In addition, anti-FN receptor antibodies were much less effective in diminishing the ability of these tumorigenic pre-B cells to respond to M2-1084 cell stimulation, which could still be demonstrated when the tumorigenic pre-B cells were co-cultured with M2-10B4 cells at a sufficiently low cell density. Analysis of cell surface molecules immunoprecipitated from both the nontumorigenic and tumori- showed that the evolution of autonomous growth potential was associated with the acquisition of an autocrine phenotype." Another unrelated but transformed pre-B cell line capable of autonomous growth in vitro and tumor formation in vivo that arose spontaneously in a different WhitlockWitte culture was also found to have an autocrine phenotype: The present study was undertaken to compare the FN binding ability of these nontumorigenic and tumorigenic pre-B cell lines, to relate these to freshly isolated normal pre-B cells, and to investigate the basis and possible functional consequences of any transformation-associated changes observed.
(P32), were gifts from Drs Erkki Ruoslahti and Michael Pierschbacher (La Jolla Cancer Research Foundation). The anti-FN-R antiserum reacts with both the a and subunits of the human FN-re~eptor'~ and cross-reacts with an FN receptor present on mouse lymphoid cells." Purified antireceptor antibodies used in the proliferation inhibition experiments were isolated from immune sera by affinity chromatography on a receptor-Sepharose column. Monoclonal rat anti-LFA-1 antibodyI6 and monoclonal rat anti-B220 antibody (RA3-3Al/6.1)l7 were obtained from the American Type Culture Collection (ATCC). Goat anti-mouse p chain was purchased from Cappel Research Reagents (Scarborough, Ontario, Canada). Purified monoclonal mouse anti-rat K light chain (RG7/ 9.1 HLK from ATCC) coupled to fluorescein isothiocyanate (FITC) and avidin-conjugated R-phycoerythrin (R-PE) were gifts from Drs Fumio Takei and Peter Lansdorp (Terry Fox Laboratory, Vancouver, BC, Canada).
The M2-10B4 cell line is a cloned, endothelial/ fibroblast-like stromal cell line of (C57B1/6J x C3H/HeJ)FI (B6C3F,) mouse marrow origin? M2-10B4 cells can support pre-B cells from Whitlock-Witte cultures and constitutively produce an as yet unidentified pre-B stimulating growth factor that is released into the m e d i~m .~
More recent experiments have shown that this activity is not IL-7, as determined by Northern blot analysis and by the failure of M2-IOBUependent pre-B cell lines to respond to IL-7 (Lemoine FM, Namen A, Humphries RK, Eaves CJ: unpublished findings, 1990). M2-10B4 cells were maintained in RPMI supplemented with 10% fetal calf serum (FCS) and trypsinized at weekly intervals. Four immortal, but stromal cell-dependent and nontumorigenic pre-B cell lines (Bn, Bp, MoBp, and L7A8) and three transformed, stromal cell-independent and tumorigenic pre-B cell lines (ABn, ABp, and H9) were also used. These cell lines were derived by subculturing nonadherent pre-B cells obtained from production. A-MuLV transformation of these lines appeared to promote further rearrangement and cytoplasmic p expression in a small proportion (10%) of cells, although none became surface p+. A detailed description of the isolation, cloning, and characteristics of these lines has been published previously?." All pre-B cell lines were maintained in RPMI 1640 with 50 pmol/L 2-mercaptoethanol (2-ME) and 5% FCS with or without stromal feeders as required. HOS cells are a human osteosarcoma cell line," originally obtained from the ATCC and subsequently maintained in our laboratory by continuous passage.
Femoral marrow cells from 8-week-old Balb/c mice were suspended in Hank's balanced salt solution (HBSS) supplemented with 2% FCS and 0.02% sodium azide (HFN), centrifuged, resuspended in NH4C1-Tris (pH 7.2) for 10 minutes at 4OC to lyse erythrocytes and then washed again with HFN. Cells were then doubly stained with equal volumes of anti-B220 (at a final dilution of 1:2) and biotinylated anti-mouse p chain (at a final dilution of 1:500), incubated for 30 minutes on ice, washed twice in HFN, and then resuspended in FITC-labeled anti-rat K light chain (3 pg/mL) and avidinconjugated R-PE (5 pg/mL) in HFN, incubated a further 30 minutes on ice, and then washed twice in HFN. Cells were finally resuspended in HFN (at -5 x lo6 c/mL) for sorting by a FACStar Plus cell sorter (Becton Dickinson, Mountain View, CA). Two cell fractions (B220'p-and B220'p') were simultaneously collected in HBSS containing 50% FCS. Cells were simultaneously gated as positive or negative with respect to fluorescence parameters using the crossover point in the profiles of the experimental and control (second antibody or avidin R-PE only) profiles to distinguish between positive and negative cells in each case. No gating for forward or orthogonal light scattering was used.
Microwell plates (96 well, Linbro/ Titertek, McLean, VA) were coated with the designated proteins by incubation overnight at 4OC and unbound proteins then removed by washing with phosphate-buffered saline (PBS). A 2.5 mg/mL solution of bovine serum albumin (BSA; Sigma) in RPMI 1640 was then added and the plates incubated an additional 2 hours at 37OC. Cells were washed twice in PBS, resuspended in PBS at 5 x lo5 cells/mL and 100 pL then added to the protein-coated wells (from which the BSA solution had been removed), and the plates incubated at 37OC for 1 hour. After washing gently with PBS, attached cells were fixed with 3% paraformaldehyde (100 pL) for 30 minutes at r c " temperature and then stained by adding 100 pL of 0.5% toluidine blue in 3.7% paraformaldehyde to each well. Attached cells were counted using an inverted microscope (see Figs 1 A, 2, and 4) or by measuring absorbance at 495 nm (A495) (Fig 1B) . For each condition tested, duplicate or triplicate wells were set up. Where duplicates were used, only the mean value is shown (see Figs 1 and 4). Where triplicates were used, the mean f 1 SEM is shown (see Figs 2 and 5).
M2-10B4 cells were seeded in 75-cm2 Corning (Corning, NY) flasks containing 10 mL of RPMI 1640 supplemented with 5% FCS and 50 pmol/L 2-ME. When the cells were still subconfluent and in a log growth phase, the old medium was removed and the cells rinsed once with serum-free RPMI 1640. Then fresh RPMI 1640 supplemented with 5% FCS and 50 pmol/L 2-ME was added. CM was harvested after 24 hours and stored at 4°C.
Pre-B cell growth and population doubling times were determined directly from viable cell counts 
Cell attachment assays.
Preparation of conditioned medium (CM).
Cell proliferation assays.
For personal use only. on November 15, 2017. by guest www.bloodjournal.org From medium was added to each 100 pL of culture. Cellular DNA was immobilized on glass fiber filter paper and 'H-thymidine incorporation determined by scintillation counting.
Cells were surface-labeled with '''1 (Amersham), lysed in PBS containing 0.1% sodium dodecyl sulphate (SDS), 0.5% Triton X-100 (New England Nuclear, Boston, MA), 0.5% sodium deoxycholate and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), and then immunoprecipitated with rabbit anti-FN receptor antiserum as described previo~sly.'~ Equivalent amounts of I2'I radioactivity were immunoprecipitated in each sample. Samples were analyzed by electrophoresis under nonreducing conditions in 7.5% SDS-polyacrylamide followed by autoradiography. Northern blot analysis. Total cellular RNA was prepared by the guanidinium/cesium chloride method as described by Maniatis et a1" and poly A+ RNA isolated by chromatography on oligo-dT cellulose columns." The RNA solutions were adjusted to 50% formamide, 6% formaldehyde, and 1X morpholinopropanesulfonic acid (MOPS) buffer (2 mmol/L MOPS, 0.1 mmol/L EDTA, 5 mmol/L NaOAc), heated to 68OC for 5 minutes, chilled on ice, and applied to 0.8% agarose gels containing 6% formaldehyde. Electrophoresis was performed in 1X MOPS containing 6% formaldehyde at 20 V for 18 hours. After electrophoresis the resolved RNAs were transferred onto nitrocellulose papers (Schleicher and Schuell, Keene, NY) in 1OX saline-citrate buffer (SSC) (0.15 mol/L NaCI, 1.5 mmol/L sodium citrate). After transfer, the filters were washed briefly in 0.6 SSC and baked at 8OoC for 2 hours in a vacuum oven. The filters were then prehybridized at 42OC in a solution containing 50% formamide, 5X Denhart's reagent, 5X SSPE (1X SSPE is 150 mmol/L NaCI, 10 mmol/L Na,HPO,, 1 mmol/L EDTA), 0.1% SDS, and 100 @g/mL sheared and heat-denaturated salmon sperm DNA, Hybridization was performed at 42OC for 16 hours in the above solution containing a '2P-labeled cDNA encoding the j3' subunit of the human (P32) FN-R.', After hybridization the filters were washed in 2X SSC and 0.1% SDS at room temperature for 1 hour followed by 1X SSC, 0.1% SDS at 50°C for 1 hour. The filters were allowed to air dry and autoradiography was performed at 
RESULTS
Differential attachment of nontumorigenic and tumorigenic pre-B cell lines to FN. As shown in Fig IA, the immortalized, but stromal-dependent and nontumorigenic pre-B cell line (Bp, and a phenotypically similar derivative infected with MoMuLV designated as MoBp) attached to FN in a specific and dose-dependent manner. Under the conditions used, maximum binding was achieved when wells were pre-incubated with FN at a concentration of 10 pg/mL. No adherence to LM coated wells was seen when these were pre-incubated with concentrations of up to 100 pg/mL ( Fig  1A and data not anti-B220 antibodies and anti-p chain antibodies, and then B220+pu-and B220+pf subpopulations (-15% and -3% of the total bone marrow, respectively) isolated using the FACS. A representative contour plot is shown in Fig 3 . (Fig 1) . In another experiment, pre-incubation of the wells with a concentration of F N of up to 100 pg/mL still failed to result in any attachment of ABp or H9 cells, whereas attachment of Bp cells remained a t the same level as in wells precoated with 10 pg/mL of FN (data not shown). Because the tumorigenic pre-B cell lines ABp and H9 had failed to show an ability to adhere to FN, it was interesting to 
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investigate whether FN could, nevertheless, affect their proliferation. Although both of these lines can be maintained in the absence of stromal cells or stromal cell CM due to the in vitro production of autocrine growth factors," when cultured at sufficiently low cell densities, responsiveness to M2-10B4 cells or CM becomes a~p a r e n t .~ However, no effect of FN on the proliferation of either ABp or H9 cells could be demonstrated whether or not these were cultured under conditions where the effect of M2-10B4 CM was evident. Representative data from one of four such experiments is shown in Table 2 .
Differential effect of FN-R antibodies on the proliferation of nontumorigenic and tumorigenic pre-B cell lines. The effect of anti-FN-R antibodies on the proliferative response of Bp versus ABp or H9 cells to direct stimulation by stromal cells in pre-B cel1:stromal cell co-cultures was then evaluated. As shown in Fig 5A, addition of purified, polyclonal anti-FN-R antibody reduced 'H-thymidine incorporation into Bp cells by up to 70% when these were co-cultured together with irradiated M2-10B4 feeders. In contrast, addition of a similarly prepared polyclonal anti-VN-R antibody, or a monoclonal anti-LFA-1 antibody (data not shown), had no such effect. In contrast, the response of both H9 and ABp cells to stromal cell stimulation was less sensitive to inhibition by FN-R antibody addition (Fig 5B) . Similar results were obtained when each of these experiments was repeated (data not shown).
Diflerential expression of FN-R in nontumorigenic and
tumorigenic pre-B cell lines. The ability of normal pre-B cells and the nontumorigenic, stromal-dependent Bp cell line to bind specifically to F N (Fig lA) , and the demonstration that a purified polyclonal anti-FN-R antibody preparation could interfere with the proliferative response of Bp cells when these were co-cultured with M2-10B4 cells (Fig 5A) , suggested that Bp cells normally express FN-R. To assess this directly, Bp cells were surface-labeled with '"I, and labeled proteins were then solubilized and immunoprecipitated with the same rabbit anti-FN-R antibody used for proliferation-inhibition measurements. As shown in Fig 6, (Fig 6, lane 1) . Evidence of a Dl subunit was not detectable in these cells, even after prolonged exposure. On the other hand, the intensity of the 150-Kd moiety appeared to be greatly increased by comparison with the Bp cell line from which ABp cells were derived. Expression of the 150-Kd component also appeared to be increased in H9 cells (Fig 6, lane 4) , although in this cell line the 110-Kd subunit was also demonstrable. Northern blot analysis of poly A+ R N A extracted from ABp and H9 cell lines demonstrated that both expressed PI mRNA a t the same level (Fig 7) .
Thus, the failure to immunoprecipitate detectable @, integrin from ABp cell membranes is probably due to alterations in these cells of the normal mechanisms for posttranslational processing (including glycosylation, which could affect their ability to be iodinated) and/or transport of the polypeptide to the cell surface. More detailed experiments to examine the biosynthesis of 8, subunits in these cells would have to be performed to distinguish between these possibilities.
DISCUSSION
F N is well known for its adhesive capabilities and has been found to play a role in many cell-extracellular matrix and Normal pre-B cells (B220'. surfacer-) like the nontumorigenic and stromal-dependent Bp cell line were shown to attach specifically to FN. via an RGD-binding site (Fig I) , ie. presumably involving the a&, integrin. However. neither FN alone (Table I ) nor metabolically inactive stromal cells (ie. fixed with glutaraldehyde. data not shown) were able to stimulate detectable Rp cell proliferation. Nevertheless. evidence was obtained that FN can enhance slightly the response of Bp cells (and L7A8 cells. another similar immortal but nontumorigenic cell line) to stimulating factors present in media conditioned by a marrow stromal cell line (M2-IOB4) ( Table I ). In addition, anti-FN-R antibody specifically and markedly inhibited the proliferation of Rp cells when these were co-cultured together with M2-10R4
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--B cells (Fig 5A) . These findings suggest the intriguing possibility that a functional consquence of FN binding to some normal pre-R cells is enhancement of their growth. although the mechanism involved is not yet clear. One possibility would be to increase the proximity of pre-B cells to growth factor-producing stromal cells, thereby raising the erective local concentration of stimulating factors to which the pre-B cells would be exposed. Another function of FN could be to concentrate or stabilize pre-R stimulating growth factors in the extracellular environment. Such a phenomenon has been suggested to occur when stromal cell-derived heparan sulphate binds myelopoietic growth factors.'' However. neither of these mechanisms would account for the slight enhancing effect of FN seen in the absence of factor-producing stromal cells. It is also possible that FN binding may affect pre-R cells directly. resulting in an alteration of their intrinsic responsiveness to stromal cell-derived growth factors.
At present. little is known about mechanisms that regulate FN-R expression and function, although changes with both di"rentiation'.''." and activation-as well as transformation"." have been documented rmntly. In this report we have shown that the FN-binding ability of normal marrow pre-B cells (R220'. surface p ) is greatly reduced (in our assay to undetectable levels) on their subsequent differentiation in vivo into R cells (B220'. surface 8 ' ) (Fig l R) . It has rmntly been reported that the more primitive lymphomyeloid stem cells from which pre-R cells are ultimately derived also do not bind to FN.'' Taken together these findings provide considerable support for the hypothesis that transient expression of the ability to bind FN may be an important step in pre-R cell development. ' We have now obtained evidence of an alteration in FN binding exhibited by two malignantly transformed p B cell lines that were generated on direrent occasions and by different mechanisms: H9 arose spontaneously: ABp was generated by A-MuLV infection. However. the isolation of both of t h e lines involved selection of "stromal-independent" variants from parent. nontumorigenic prc-B cell lines that a r w in Whitlock-Witte cultures. Therefore. it is perhaps not surprising that the two malignant pre-€3 cell lines derived also share an autocrine phenotype.'.'' Both H9 and ARp cells showed functional. and in one case structural. FN-R abnormalities. Attachment to FN was reduced to undetectable levels (Fig 4) . and when conditions were used that allowed their stimulation by stromal cells to be demonstrated (ie. when cultured at sufficiently low cell densities). the inhibitory effect that anti-FN-R antibody exerts on stromaldependent. nontumorigenic prc-R cells was markedly reduced (Fig 5R) . Some inhibition of the tumorigenic pre-B cells could bc obtained with very high concentrations of anti-FN-R antibody. but the significance of this effect is unclear. One pssibility is that the anti-FN-R antibody i s cross-reactive with another. as yet unidentified integrin that may also be involved in regulating the growth of pre-R cells and which is not affected by malignant transformation. Similarly, the slight enhancing effect exhibited by FN in concert with M2-ION C M on immortalized but nontumorigenic pre-R cell lines was no longer detectable when H9 or LEMOlNE ET AL ABp cells were tested in this type of experiment. However, it should be noted that the extent of stimulation of these cells that could be achieved in these experiments was relatively small, and this may have precluded detection of additional small effects. Immunoprecipitation data suggested increased amounts of a subunits at the cell membrane of both tumorigenic pre-R cell lines studied and undetectable amounts of the subunit in one (ARp). despite the undiminished levels of @, mRNA when this line was compared with the parent line from which it had been derived (Figs 6 and 7) . Therefore. it In summary, it appears that changes in FN binding distinct from those attributable to normal pre-Bcell differentiation events can occur during the generation or progrcsion of malignant pre-R cells under certain conditions. Whether such changes contribute to. or result from. the acquisition of autocrine potential and a malignant phenotype is not known. Changes in adhesive properties are common to many transformed cells. although little is known with regard to he- 
